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ABSTRACT
AGN feedback is an important ingredient in galaxy evolution, however its treatment
in numerical simulations is necessarily approximate, requiring subgrid prescriptions
due to the dynamical range involved in the calculations. We present a suite of SPH
simulations designed to showcase the importance of the choice of a particular subgrid
prescription for AGN feedback. We concentrate on two approaches to treating wide-
angle AGN outflows: thermal feedback, where thermal and kinetic energy is injected
into the gas surrounding the SMBH particle, and virtual particle feedback, where
energy is carried by tracer particles radially away from the AGN. We show that the
latter model produces a far more complex structure around the SMBH, which we
argue is a more physically correct outcome. We suggest a simple improvement to the
thermal feedback model - injecting the energy into a cone, rather than spherically
symmetrically - and show that this markedly improves the agreement between the
two prescriptions, without requiring any noticeable increase in the computational cost
of the simulation.
Key words: quasars: general — accretion, accretion discs — ISM: evolution —
methods: numerical
1 INTRODUCTION
Feedback from Active Galactic Nuclei (AGN) is a key in-
gredient in modern galaxy evolution models. It is required
in order to explain the sharp drop-off in the galaxy mass
function above M∗ ∼− 10
11M⊙, prevent the cooling catas-
trophe in galaxy clusters and produce the hot gas atmo-
spheres seen around many galaxies. Observations of massive
kpc-scale outflows (Feruglio et al. 2010; Sturm et al. 2011;
Rupke & Veilleux 2011; Cicone et al. 2014) and pc-scale rel-
ativistic winds (Tombesi et al. 010a,b) provide further evi-
dence that AGN affect their host galaxies in a significant
way.
One outstanding issue in understanding the precise ef-
fects of feedback is the range of spatial scales over which it
operates. The AGN jets and winds are launched from the
accretion disc on scales lmin < 0.01 pc, while the observed
effects on host galaxies span 103 pc or more. This means
that in order to model the AGN feedback precisely, a sim-
ulation should span at least 5 orders of magnitude in linear
scale, resulting in 1015 resolution elements for a 3D model,
a resolution which is not likely to be reached any time soon.
Even resolving the interaction of an AGN wind with the host
galaxy material, on scales of several parsecs and larger, is
currently only possible in single-galaxy models, rather than
cosmological simulations (Schaye et al. 2015).
As a result of this shortcoming, some effects of AGN
feedback might not be apparent from simulations. In a re-
cent paper (Bourne et al. 2015), we showed that mass res-
olution has a significant influence upon the AGN feedback
effects seen in simulations of turbulent gas. In particular,
at mass resolutions typical of cosmological simulations, we
found AGN feedback to be much more negative, in the sense
of efficiency of gas removal, than at higher resolution. In
high-resolution simulations, AGN winds expel only diffuse
gas, while denser gas forms filaments which fall in toward
the central supermassive black hole (SMBH) and can po-
tentially feed it or form stars. These results suggest that
AGN feedback can be positive as well as negative, increas-
ing the star formation rate in its host. Our other previous
research (Nayakshin & Zubovas 2012; Zubovas et al. 2013;
Bourne et al. 2014) provides some support for this conclu-
sion as well. Several other authors have investigated similar
positive AGN feedback coming from the interaction of the
jet with the galactic ISM (Silk 2005; Gaibler et al. 2012).
In this paper, we investigate another numerical aspect
of modelling AGN feedback: the prescription detailing how
the AGN feedback energy is passed to the surrounding gas.
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We perform high-resolution simulations of AGN feedback
acting upon a turbulent gas reservoir, passing the feedback
energy in one of two ways: a Monte Carlo radiative trans-
fer scheme, which self-consistently takes into account gas
optical depth; and a kernel-weighted thermal and kinetic
energy input scheme. We find that the Monte Carlo scheme,
while being numerically far more expensive and difficult to
scale, provides qualitatively different results than thermal
and kinetic energy injection. In particular, the Monte Carlo
scheme allows the formation of simultaneous gas inflows and
outflows, resulting in prolonged AGN feeding and faster, but
less massive, outflows. We also test an adjusted version of
both schemes, where the feedback energy is injected, or vir-
tual particles released, biconically, rather than spherically
symmetrically. This change makes the results of the two
schemes significantly more alike. We suggest that using this
improvement to the thermal feedback prescriptions would
make the results of large-scale numerical simulations much
more realistic.
The structure of the paper is as follows. In Section 2,
we describe the numerical model and setup used in the sim-
ulations. The simulation results are presented in Section 3.
We discuss the implications of our work for both numerical
modelling of galaxy evolution and interpretation of observa-
tions in Section 4 and conclude in Section 5.
2 NUMERICAL MODEL
2.1 Basics of the model
The code used is GADGET-3, an updated version of the
publicly available GADGET-2 (Springel 2005). It is a hy-
brid N-body/SPH code with individual particle timesteps
and adaptive smoothing. We employ the SPHS extension of
the basic SPH scheme (Read & Hayfield 2012), which im-
proves the modelling of mixing within a multiphase medium,
allowing us to better track the interaction between turbu-
lent gas flows. We use a Wendland kernel (Wendland 1995;
Dehnen & Aly 2012) with 100 neighbours.
The initial conditions of all models presented in this
paper are the same. They consist of a gas sphere with
isothermal density profile, extending from Rin = 100 pc to
Rout = 1 kpc. The gas sphere is resolved with 10
6 parti-
cles, giving a particle mass of mSPH = 3000M⊙ and a mass
resolution of mres = 100mSPH = 3 × 10
5M⊙. The spatial
resolution of the model varies depending on gas density, but
is generally of order a few pc; we adopt a minimum grav-
itational and SPH smoothing length of 0.1 pc. The gas is
embedded in a static isothermal background density profile
with velocity dispersion σ = 200 km/s, and is supported
against the background gravity by turbulent motion with
characteristic velocity vturb = σ. The gas is initially cold
(cs ≪ vturb; see below for a discussion on how the gas evolves
thermally). A SMBH is embedded in the centre of the gas
distribution and can swallow gas which comes within the
accretion radius raccr = 10 pc of the SMBH particle and is
energetically bound to it. We set the SMBH particle mass
to 2× 108 M⊙, in order for the radius of its sphere of influ-
ence to be rinfl ∼− raccr. This ensures that the gas moves in a
purely isothermal background potential only perturbed by
its own self-gravity, rather than the gravity of the SMBH.
The SMBH is inactive for the first 1 Myr of the simulation;
this allows the gas to develop a turbulent density structure
before it is affected by feedback. In order to prevent the
formation of spurious high-density filaments close to the in-
active SMBH, we extend the accretion radius to r′accr = Rin
during this time. After 1 Myr, the AGN switches on for
1 Myr and begins affecting the gas in two ways.
First of all, we model the effect of the AGN radiation
field by employing a Sazonov et al. (2005) cooling curve, ap-
propriate for optically thin gas subjected to AGN radiation.
Below T = 104 K, we extend the cooling curve with the one
proposed by Mashchenko et al. (2008) down to a tempera-
ture floor, which depends on the gas density such that the
Jeans mass of the gas never falls below the resolution limit.
Gas particles which fall on this dynamic temperature
floor are stochastically converted into sink particles in order
to speed up the simulations. This is equivalent to having a
density threshold
ρJ =
(
πkBT
µmpG
)3
m−2res ∼− 6.7× 10
−15T 34 gcm
−3, (1)
nJ ∼− 6.2× 10
9T 34 cm
−3, (2)
where T4 ≡ T/10
4 K. This crude approximation of the star
formation process may affect our results slightly, because
sink particles are affected only by gravity and cease to inter-
act with the AGN feedback. Since sink particles are created
in dense gas, this slightly reduces the fraction of feedback
energy received by dense gas and increases the fraction re-
ceived by diffuse gas. On the other hand, we do not model
the effects of self-shielding of dense gas clumps, so the re-
duction in received energy caused by the formation of sink
particles mimics that effect to some extent. In any case, this
effect is small, since our simulations never produce more
than 104 sink particles.
The other way that the AGN affects the gas is by means
of wind feedback, which we describe below.
2.2 Physics and implementation of AGN feedback
The AGN wind feedback model (King 2003, 2010) has a
number of appealing properties: it is based upon relatively
well-understood physical processes; it can explain theM−σ
relation without requiring free parameters; it can explain the
properties of observed fast AGN winds on sub-parsec scales,
as well as those of massive AGN outflows on kpc scales
(Zubovas & King 2012). Observations show that winds with
velocity vw ∼ 0.1c and power Lkin ∼ 0.05LAGN are present
in a large fraction of AGN (Tombesi et al. 010a,b), suggest-
ing a wide opening angle (Nardini et al. 2015). In the wind
feedback model, these winds shock against the galactic ISM
and drive large-scale outflows (King 2010). The shocked
wind passes its energy and momentum to the ISM, accel-
erating the outflow to vout > 1000 km/s (Zubovas & King
2012). However, a large fraction of the outflow energy can
leak out through gaps in the non-uniform ISM, leading to a
situation where some of the gas is outflowing with large ve-
locities, while dense gas is simultaneously inflowing toward
the SMBH (Nayakshin 2014; Zubovas & Nayakshin 2014).
Therefore, it is important to check how well numerical
simulations can capture this complex process of simultane-
ous inflow and outflow on scales from tens to thousands of
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Model ID Feedback model LAGN
1.3×1046ergs−1
rbub (kpc)
Egas
Einput
M˙SMBH (M⊙/ yr
−1) M˙out (M⊙/ yr−1)
NoAGN None 0 0 − 130 0
vp-L1 Virtual particle 1 0 0.01 750 40
vp-L2 Virtual particle 2 0.2 0.01 550 200
vp-L5 Virtual particle 5 0.5 0.3 8 1300
tk-L1 Thermal 1 0.1? 0.01 800 15
tk-L2 Thermal 2 0.2 < 0 900 20
tk-L5 Thermal 5 0.3 0.05 0 180
vpc-L1 Virtual particle biconical 1 0.25 0.01 450 130
vpc-L2 Virtual particle biconical 2 0.35 0.04 150 470
vpc-L5 Virtual particle biconical 5 0.75 0.85 20 1900
tkc-L1 Thermal biconical 1 0.2 0.02 650 90
tkc-L2 Thermal biconical 2 0.35 0.035 400 220
tkc-L5 Thermal biconical 5 0.6 0.3 170 750
Table 1. Parameters of the numerical models and most important results. The first column shows the model ID. The next two columns
give the parameters: the type of AGN feedback prescription used and the AGN luminosity LAGN in units of Eddington luminosity of a
108M⊙ SMBH. Then four columns give the primary results at t = 0.5 Myr after the AGN switches on: the size of the feedback bubble in
kpc, the ratio between gas energy and input energy from the AGN, the mass accretion rate by the SMBH particle, and the mass outflow
rate.
parsecs. We do this by exploring two subgrid feedback im-
plementations and their improvements.
2.2.1 Thermal feedback model
The simplest feedback prescription, often used in cosmo-
logical models, is the “thermal feedback” subgrid prescrip-
tion. In this prescription, the feedback energy of the AGN,
which we take to be ǫf = 5% of its luminous energy output
over the SMBH timestep, is passed as thermal energy to
the SMBH particle neighbours. We choose 100 neighbours
for the SMBH particle, the same as for gas particle. Testing
showed that using fewer neighbours results in feedback be-
coming extremely inefficient, as gas particles can be accreted
by the SMBH even after being heated; however, if the par-
ticles were not accreted, it is likely that the feedback would
be more efficient as the temperature would be higher and
so the cooling time would increase. Meanwhile, using more
neighbours dilutes the feedback and results in faster cooling
of gas (Bourne et al. 2015).
The feedback energy given to each particle is weighted
by the SPH interpolation kernel. This means that gas closer
to the SMBH receives proportionately more energy than gas
further away.
In addition to thermal energy, each SPH particle re-
ceives a similarly kernel-weighted fraction of the AGN wind
momentum, LAGNdt/c, in a direction radially away from the
SMBH. While this is not usually done in cosmological mod-
els, we implement this aspect of feedback in order to be able
to do a more direct comparison with the Monte Carlo ra-
diative transfer method. Tests showed that the effect of mo-
mentum feedback is negligible compared with the thermal
energy input.
2.2.2 Biconical thermal feedback model
One issue with the simple thermal feedback prescription
is that the feedback energy is given to the nearest parti-
cles without taking their spatial distribution into account.
This implicitly assumes that the gas distribution is (ap-
proximately) spherically symmetric. A real galaxy contains
multiphase gas, with many structures degrading the spheri-
cal symmetry, even if such symmetry might be expected on
large scales. For the AGN, this results in neighbouring gas
particles having very different density and correspondingly
very different effective cross-sections. In principle, feedback
affecting each particle should be attenuated by calculating
the optical depth between the SMBH and this particle. How-
ever, doing so is a very time-consuming process, unfeasible
to implement in cosmological simulations, which may have
many AGN at the same time.
Therefore, we propose a simpler method, which we be-
lieve captures some of the important physics. The method
relies on injecting the thermal and kinetic energy in a cone
centered on the SMBH instead of spherically symmetrically.
Spherical symmetry is unlikely on the sub-grid scales on
which the wind is launched, since the AGN has a preferred
plane - that of the accretion disc - and winds are likely to
be launched perpendicular to it. So we would expect the
wind to be launched with an axisymmetric geometry. This
prescription ensures that gas in all direction does not expe-
rience identical feedback. Instead, there is a preferred plane
for the gas to accrete in, corresponding to the plane of the
sub-grid accretion disc.
Numerically, we implement this model by calculating a
separate neighbour list for the SMBH particle, looking for
neighbours only in a bicone with a specified opening angle,
which is set to 45 degrees in the simulations presented in
this paper. For simplicity, we choose the axis of the cone
to lie in the Z direction. The number of neighbours in the
cone is the same as the number of neighbours used for the
hydrodynamics calculations, and the feedback energy input
is weighted by the value of the SPH interpolation kernel,
only using the larger smoothing length corresponding to the
neighbours in the cone.
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2.2.3 Virtual particle model
The “virtual particle” Monte Carlo radiative transfer method
(Nayakshin et al. 2009) relies on packets of feedback en-
ergy, which are emitted by the AGN as particles and move
in straight lines with a constant velocity, carrying momen-
tum and energy. When the virtual particle moves into an
SPH particle’s smoothing kernel, it starts giving up its mo-
mentum and energy over several timesteps, distributing it
proportionately among all SPH particles which contain the
virtual particle in their smoothing kernels. Since the vir-
tual particles are emitted isotropically, the energy injec-
tion is also isotropic, independent of the distribution of gas
around the SMBH. This ensures that, for example, a dense
and small gas clump close to the SMBH does not receive
too much of the feedback energy, because the prescription
self-consistently takes into account the cross section of the
clump. It also means that even gas very far away from the
SMBH may receive a direct energy and momentum input,
if the intervening space is empty, for example having been
cleared by a progressing outflow.
We test two versions of the virtual particle model: one
with spherically symmetric emission of tracer particles, and
one where the particles are emitted in a cone with a 45-
degree opening angle.
2.3 Model parameters
We present the results of 13 models; their identification la-
bels and main parameters are given in Table 1. One simu-
lation, NoAGN, is intended as a control and does not have
any AGN feedback (the SMBH is still present and acretes
gas). Then four sets of three models each investigate the ef-
fects of different subgrid feedback prescriptions on feedback
from AGN of different luminosities. We choose LAGN to span
a range of observed quasar luminosities; furthermore, these
luminosities encompass the critical luminosity necessary to
drive away gas from the AGN by purely momentum feedback
(King 2010). The opening angle of the cone in the thermal
conical (tkc) and virtual particle conical (vpc) simulations
is 45 degrees.
3 RESULTS
At first, we briefly discuss the properties of the gas distri-
bution just before the AGN switches on. Then we present
the morphology of the spherically symmetric feedback mod-
els, vp and tk, and finally move on to their conical feedback
counterparts, vpc and tkc. Later, we discuss the resulting
gas morphology, outflow energetics, inflow and outflow rates
and the density structure.
3.1 Initial evolution of the gas shell
During the first 1 Myr of evolution, the gas shell develops a
turbulent density structure and cools down to temperatures
in the range 10−104 K. Figure 1 shows the phase diagram of
the gas just before the AGN switches on. Most of the gas has
temperatures just below 104 K, where there is a minimum
in the cooling rate. Some gas is located on the temperature
floor (diagonal line in the bottom right of the distribution),
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Figure 1. Gas phase diagram just before the AGN switches on.
Colour indicates relative density of particles in particular regions
of the diagram, with dark blue being lowest and dark red being
highest.
however the probabilistic conversion of gas into sink particles
ensures that only ∼ 2000 particles have been converted into
stars. Approximately 15%, i.e. 4.5 × 108M⊙, of the initial
shell has been accreted by the SMBH particle. This makes
the SMBH mass grow to more than three times its initial
mass, however this does not affect the subsequent results,
since we fix the AGN luminosity, rather than tying it to the
SMBH mass. It is important to note that during this phase,
the accretion radius is set to 100 pc, and most of the gas
accreted through this radius is unlikely to reach the SMBH
during the time period simulated in our models.
3.2 Morphology - spherically symmetric feedback
Figure 2 shows the density maps of the three virtual parti-
cle simulations at t = 1.5 Myr, i.e. 0.5 Myr after the AGN
switches on, showing the XZ plane. The plots use a wedge-
slice projection, such that only particles with |y/r| < 0.25
are plotted, to ensure that both the innermost regions and
the outskirts are well-sampled. The three plots reveal a clear
change in the global effect of feedback. In the vp-L1 model,
feedback is not strong enough to prevent inflow or even to
produce significant bubbles; there is only one small cavity
in the negative-X direction. Simulation vp-L2 shows notice-
able outflow bubbles, but simultaneously there exists gas
very close to the SMBH, in fact accreting upon the SMBH
particle. Most of the feedback energy leaks out in the direc-
tions of low density, producing these large bubbles, while the
remaining momentum push is too weak to shut off accretion
of dense gas. Finally, in vp-L5, we see that feedback is pow-
erful enough to blow away almost all the material, except
for a couple of very dense filaments; these remain close to
the SMBH, but are also pushed away, albeit slowly.
In Figure 3, we plot density maps of the analogous tk
models, again at at t = 1.5 Myr. There are significant differ-
ences from the vp models. Most noticeably, a well-defined
almost spherical feedback bubble is present in simulation
tk-L5, without any inflow toward the SMBH. On the other
c© 0000 RAS, MNRAS 000, 000–000
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Figure 2. Gas density map in the three virtual particle simulations at t = 1.5 Myr: vp-L1 on the left, vp-L2 in the middle, vp-L5 on
the right.
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Figure 3. Gas density map in the three thermal models at t = 1.5 Myr: tk-L1 on the left, tk-L2 in the middle, tk-L5 on the right.
hand, the size of the outflow bubble is much smaller in tk-L5
than in vp-L5, since the energy is injected into the gas clos-
est to the SMBH; this gas is dense and therefore cannot be
removed as efficiently as the diffuse gas which absorbs most
of the input energy in the vp models. It is also interesting to
note that the feedback bubble is surrounded by a boundary
layer of dense gas, which is not present in the virtual particle
simulations. This dense gas cools down very rapidly, so most
of the feedback energy is radiated away rather than used to
drive bubble expansion.
The major difference between the two models arises be-
cause in the thermal feedback simulation, all of the feed-
back energy is always injected into gas that is closest to
the SMBH, typically within the central < 200 pc, although
the precise radius depends on AGN luminosity and the size
of the forming bubble. In the virtual particle simulations,
on the other hand, feedback evacuates cavities which allow
the virtual particles to stream to large distances of order
500 − 700 pc in the highest-luminosity simulation. We now
present the effects of changing feedback geometry to conical,
which ensures that there is always a channel - the midplane
of the gas distribution - through which gas can reach the
SMBH, and similarly that there is a channel perpendicular
to the first through which feedback can be injected at dis-
tances comparable to those in the spherical virtual particle
model.
3.3 Morphology - conical feedback
Figure 4 shows the gas density in the three conical virtual
particle models, vpc-L1 (left), vpc-L2 (middle) and vpc-L5
(right). Even the lowest-luminosity simulation produces a
modest outflow, with cavities in the top half and third quad-
rant of the plot, where the gas was least dense at the time
the AGN switched on. The outflow is somewhat conical, but
variations in gas density prevent it from acquiring a well-
c© 0000 RAS, MNRAS 000, 000–000
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Figure 4. Gas density map in the three conical virtual particle simulations at t = 1.5 Myr: vpc-L1 on the left, vpc-L2 in the middle,
vpc-L5 on the right.
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Figure 5. Gas density map in the three conical thermal feedback simulations at t = 1.5 Myr: vpc-L1 on the left, vpc-L2 in the middle,
vpc-L5 on the right.
defined shape. In the highest-luminosity model, the feed-
back bubbles are rather large, touching the edges of the ini-
tial gas distribution, but gas close to the midplane has not
been blown away, allowing filamentary inflow to continue.
It is worth noting that the outflow is wider than the open-
ing angle of the cone within which the virtual particles are
emitted. This happens because the low-density cavities are
over-pressurized and expand both vertically and laterally.
Figure 5 shows the analogous snapshots of the tkc sim-
ulations tkc-L1 (left), tkc-L2 (middle) and tkc-L5 (right).
Broadly speaking, the simulations evolve similarly to the vpc
models; there are two cavities forming in opposite directions
and expanding, with material falling in along the equato-
rial plane. Overall, the differences are much smaller than
between the tk and vp models presented above. This hap-
pens because with the non-spherical injection of feedback, a
channel appears along the equatorial plane which allows in-
flow and outflow to coexist. Therefore, dense gas no longer
accumulates at the edge of a well-defined outflow bubble,
but is brought to the midplane by the same processes that
act in the vpc models. A similar structure of dense inflow
along the midplane and diffuse outflow in the polar direction
develops, with some irregularities due to the turbulent gas
density distribution. In the L1 and L2 simulations, both tkc
and vpc models produce similarly-sized bubbles, while the
brightest AGN produces a significantly larger bubble in the
vpc simulation. This last size difference is exacerbated by
the fact that the bubble reaches the edge of the initial gas
distribution in the vpc simulation, and its expansion accel-
erates. At earlier times, the difference in size between tkc-L5
and vpc-L5 bubbles is much less pronounced.
Despite the morphological differences and similarities,
we are more interested in the effect that AGN feedback
would have upon the evolution of the host galaxy. There-
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Figure 6. Particle density-temperature plots at t = 1.5 Myr in the four L2 simulations: tk-L2 in the top left, tkc-L2 in the top right,
vp-L2 in the bottom left and vpc-L2 in the bottom right. Dashed lines show the expected bremsstrahlung cooling time of the gas and
colours indicate relative point density, with red highest and dark blue lowest.
fore, we now consider several integrated parameters of the
system and their time evolution.
3.4 Energetics
One of the most important effects that AGN feedback has
upon its host is the energy injection, which leads to gas
heating and expulsion. The heated gas then cools down and
forms structures including clumps and filaments, as seen in
the morphology plots. In order to better understand the dif-
ference between thermal and virtual particle feedback pre-
scriptions, we show the phase diagrams of the four L2 sim-
ulations in Figure 6 and correspondingly for the L5 simula-
tions in Figure 7. In these plots, colour represents the density
of particles in the particular parts of the plot, with blue be-
ing lowest and red being highest. Dashed lines indicate the
bremsstrahlung cooling times.
A clear difference can be seen between the tk-L2 and
vp-L2 models (Figure 6, top row). Thermal feedback cre-
ates slightly more dense gas, which cools down quickly to
the two horizontal branches of the equilibrium temperature
curve, between 104 and 105 K. Meanwhile, virtual particle
feedback acts upon diffuse gas and heats it up to 106-108 K.
This gas has long cooling times, tc > 10
5 yr and therefore
stays hot and flows outward. Thus the virtual particle feed-
back prescription allows the gas to retain a larger fraction of
the AGN input energy than the thermal prescription. Such
difference is much less pronounced in the conical feedback
runs (bottom row), leading to much more similar morphol-
ogy.
The difference between the tk-L5 and vp-L5 models is
even more pronounced (Figure 7, top row), as the thermal
feedback compresses gas close to the SMBH into a very dense
shell (T ∼− 10
4 K, ρ > 10−19 g cm−3). Meanwhile, the vir-
tual particle feedback creates a large population of gas with
T > 107 K, which expands rapidly outward. Once again, the
conical feedback simulations (bottom row) are much more
similar to each other, with large amounts of hot expanding
gas and much less extremely dense material.
These differences in energy retention are clearly visi-
ble when the total gas energy is considered. In Figure 8,
we show the change of total particle energy compared with
c© 0000 RAS, MNRAS 000, 000–000
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Figure 7. Same as figure 6, but for the four L5 simulations.
input energy as a function of time:
fe (t) ≡
Egas (t)−Egas (1Myr)
0.05LAGN (t− 1Myr)
; (3)
here, the gas energy Egas includes gravitational potential,
thermal and kinetic energy. We do not plot the results of the
L1 simulations, because they are qualitatively very similar to
those of L2, shown in the top panel. The L5 models are in the
bottom panel. Virtual particle simulation results are shown
in solid lines (black for spherical, blue for conical virtual
particle emission), while the thermal feedback simulations
are shown in dashed lines (red for spherical, green for conical
feedback injection).
In both cases, the conical feedback simulations lose less
energy to cooling than spherically symmetric ones. This hap-
pens because with conical feedback, dense gas is pushed to-
ward the midplane and the heated gas is mostly diffuse,
therefore has a low cooling rate (the presence of hot diffuse
gas is also seen in the phase plots above). In the L2 models,
this low cooling rate is still high enough to make the gas lose
most of the injected energy, leaving only a few percent as the
internal energy. However, this is still a factor few better re-
tention than the spherically symmetric model in the virtual
particle case; the spherically symmetric thermal feedback
model has gas energy decreasing to values even lower than
those at t = 1 Myr, as gas falls deeper into the potential
well. It is worth noting that in the tkc-L2 and vpc-L2 sim-
ulations, gas retains very similar amounts of input energy.
In the L5 simulations, the virtual particle conical feedback
model is essentially purely adiabatic, losing only 10 − 20%
of the input energy by 2 Myr; the thermal conical feedback
model loses a much larger fraction of its energy, since it does
not create such a large bubble. Even so, the difference be-
tween spherical and conical feedback models is significant:
energy retention improves by a factor 5 or more in the ther-
mal model.
Even though the high-luminosity thermal feedback sim-
ulation retains significantly less energy than its virtual par-
ticle counterpart, the similarity in the L2 models is encour-
aging. Below we show that similar trends exist in other in-
tegrated quantities.
3.5 Inflow and outflow rates
Another particularly important aspect of the co-evolution of
SMBHs and their galaxies is the AGN duty cycle, i.e. the
frequency and duration of AGN activity episodes. In a real-
istic system, one might expect AGN feeding and feedback to
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Figure 8. Time evolution of the ratio between AGN input energy
and change in total gas energy in the four L5 simulations (top)
and four L2 simulations (bottom). Simulations vp-L2 and vp-L5
shown in black solid line, vpc-L2 and vpc-L5 - blue solid, tk-L2
and tk-L5 - red dashed, tkc-L2 and tkc-L5 - green dashed.
occur simultaneously, at least up to some critical AGN lumi-
nosity. Within the AGN wind feedback model, this happens
because most of the AGN wind energy is carried away by
low-density gas, allowing dense clouds to fall in toward the
SMBH. Although our simulations do not resolve the scales
of SMBH feeding, we nevertheless can investigate the ability
of various feedback prescriptions to reproduce simultaneous
inflows and outflows. For this, we plot the radial profiles of
gas inflow and outflow rates in the L2 and L5 simulations in
Figures 9 and 10, respectively. The plots are made at three
times for each simulation, 0.25 Myr, 0.5 Myr and 0.75 Myr
after the AGN switches on. The inflow rate is defined as
M˙in = mSPH
∑
i∈(vr<−
σ
2
)
|vr,i|
∆R
= 4πR2vr,in〈ρin〉, (4)
where ∆R = 0.1 kpc is the thickness of the radial bin and
the sum goes over all particles with radial velocity directed
inward and higher in magnitude than half the background
velocity dispersion. The second equality shows that the in-
flow rate can be expressed via the mean inflowing gas density
〈ρ〉 and does not depend on the choice of ∆R so long as the
bin is thick enough to sample a large number of particles.
We neglect particles with small negative velocities because
those are dominated by turbulent motions rather than in-
flow or outflow. The outflow rate is defined in the same way,
but the sum is made over all particles with radial velocities
greater than half σ.
The four L2 models all generally have stronger inflows
than outflows. This is expected, since the AGN luminosity
is not large enough to drive away all the gas by momentum
push alone. However, clear differences are visible among the
models, with tk-L2 having essentially zero outflow, vp-L2
having outflow rates 10 − 20 times lower than inflow, tkc-
L2 having outflow rates only 2− 3 times smaller, especially
in the region r = 0.2 − 0.5 kpc, and finally vpc-L2 having
inflow and outflow rates of comparable magnitude. We see
that the qualitative difference present between the tk-L2 and
vp-L2 models disappears when feedback is injected conically,
even though a notable quantitative difference remains. It is
also worth noting that the morphology of all four L2 models
appears very similar in the outer regions, since the outflows
are never fast enough to extend beyond ∼ 0.5 kpc in 1 Myr.
The L5 models display much greater differences among
themselves. The tk-L5 simulation produces very little out-
flow and a strong inflow, rather similar to its lower-
luminosity counterpart. However, the inflow proceeds only
to r ∼− 0.1 kpc and stalls there. In the other three simula-
tions, outflows dominate, initially in the inner regions (black
lines), but later throughout the simulation volume. The two
conical feedback simulations have qualitatively very similar
radial profiles of both inflow and outflow, echoing the sim-
ilarity in their morphologies (Figures 4 and 5). It is impor-
tant to note that even though the outflow is very powerful,
the inflow rate in the central ∼ 0.15 kpc is similar to the
outflow rate, showing the the SMBH may be fed even while
producing such a massive outflow.
We also plot the time evolution of the rate of gas particle
accretion by the SMBH particle (Figure 11) and the total
rate of gas outflow, approximated as
M˙out ∼− mSPH
∑
i∈(vr>
σ
2
)
vr,i
Ri
(5)
(Figure 12). The line colours are as in Figure 8. In all models,
there is no accretion for the first 0.2 Myr of AGN activity,
because the gas is falling toward the significantly reduced
accretion radius of the SMBH particle.
Here, the two spherically symmetric models are more
similar than when the energy retention is considered. How-
ever, there is an important qualitative difference. In the tk-
L5 model, thermal feedback is able to shut off accretion
entirely, by keeping the gas at the edge of a well-defined
bubble (see Figure 3, right panel). On the other hand, the
virtual particle model, while producing very large outflow
bubbles, also allows some gas to fall on to the SMBH par-
ticle. The accretion rate is comparatively small, hardly ex-
ceeding 20M⊙ yr
−1, but the possibility of accretion is sig-
nificant. In the L2 models, the situation is reversed: thermal
feedback suppresses accretion for ∼ 0.4 Myr, but then the
outflow bubble collapses and accretion rate rises rapidly to
> 1000M⊙ yr
−1. Meanwhile, the vp-L2 models has a steadily
rising accretion rate, without such sudden changes.
Both high-luminosity conical feedback models, unsur-
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Figure 9. Radial profiles of gas outflow (dashed lines) and inflow (solid lines) rates for three different times in the four L2 models: tk-L2
on the top left, vp-L2 on the top right, tkc-L2 on the bottom left and vpc-L2 on the bottom right.
prisingly, allow far more accretion on to the SMBH. Sim-
ulation vpc-L5 is more efficient at pushing gas away than
the tkc-L5 simulation, therefore the accretion rate is signif-
icantly lower, only rising to a peak of ∼ 45M⊙ yr
−1. The
thermal feedback model, on the other hand, allows accretion
at rates approaching 200M⊙ yr
−1 at t = 1.25 − 1.6 Myr.
In the low-luminosity models, conical feedback actually
decreases the gas inflow rate by a factor few. This happens
because in these models, outflow bubbles form and prevent
accretion in some directions, channeling accreting material
toward the midplane. The tkc-L2 simulation has a higher
accretion rate at first, since it is initially more efficient in
compressing the gas toward the midplane, but from t =
1.7Myr onward, the two accretion rates become very similar.
The difference among the gas outflow rates (Figure 12)
is far more striking. The spherical thermal feedback model
is incapable of driving a significant outflow in either low- or
high-luminosity models, as most of the AGN input energy
is radiated away, and the gas is kept in a dense, but small
and hardly expanding, shell. The spherical virtual particle
simulation produces an outflow with at least several times
higher mass flow rate, and in the higher luminosity case, the
outflow rate approaches that of the conical simulations by
t = 2Myr. This happens because of the complex morphology
present in the virtual particle simulation, with outflowing
gas being diffuse, and hence reaching very high velocities.
The conical feedback models produce significant out-
flows, essentially because the dense gas is channeled away
and diffuse gas can be accelerated to high velocities. The
mass outflow rates approach 2000M⊙ yr
−1 in the L5 models.
It is interesting that the collimation of feedback into a cone
actually increases the outflow rate in the virtual particle
simulations, most likely because conical feedback produces
more spatially distinct regions of inflow and outflow, so there
is less mixing between inflowing and outflowing gas, which
would lead to lower outflow rates. The thermal feedback
model produces a significantly weaker outflow than the vir-
tual particle model in the conical case as well, but the ratio
between outflow rates is much smaller than for the spherical
feedback injection simulations.
3.6 Density structure
In Figure 13, we plot information regarding the evolution of
gas density distribution during the AGN activity episode.
More precisely, we plot the values of the 10th, 25th, 75th
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Figure 10. Same as Figure 9, but for the L5 simulations: tk-L5 on the top left, vp-L5 on the top right, tkc-L5 on the bottom left and
vpc-L5 on the bottom right.
and 90th percentile of the gas density distribution, in order
to evaluate how the different phases of gas (diffuse, medium
and dense) behave during the AGN activity episode. The line
colours and styles are the same as in previous time evolution
figures.
We see that the diffuse gas evolves almost identically for
the whole AGN activity episode in the L2 models and for
the first ∼ 0.5 Myr in the L5 models, mostly because most
of this gas is far away from the SMBH and is not affected by
the AGN outflow at first. None of the L2 models produces a
bubble extending to the outskirts of the gas sphere, so there
is little evolution of the diffuse gas in this model throughout
the time period considered; the same is true for the tk-L5
model. In the other three models, diffuse gas starts to be-
come even more diffuse as the outflow bubble moves past it
and disperses the gas in a larger volume.
The dense gas becomes progressively more dense, but
with certain differences among the simulations. The virtual
particle models compress the dense gas by ∼ 5−10 times in
the period between ∼ 1.05 − 1.3 Myr, corresponding to the
formation of a complex inflow-outflow structure with many
dense clumps and filaments. The tkc-L5 model shows a sim-
ilar behaviour for the densest gas, although the compression
takes a slightly longer time. Once this structure is in place,
however, density does not increase further, as the densest
material either turns into sink particles or is accreted on
to the SMBH. The tk-L5 model, on the other hand, shows
essentially unrestricted density growth, because here, the
densest gas is also the warmest, because it receives all the
AGN energy input, and therefore cannot fragment. The tk-
L2 model behaves in the same fashion initially, but later
the dense gas collapses on to the SMBH and is accreted,
resulting in a drop in the densest gas density values.
4 DISCUSSION
4.1 Summary of results
Our suite of 13 simulations allowed us to explore the effect
that the subgrid AGN feedback prescription has upon the
evolution of a turbulent gas sphere. Our main results are as
follows:
• Spherically symmetric thermal AGN feedback is unable
to reproduce the complex structures found in virtual particle
models. The reason is that the thermal feedback prescription
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Figure 11. SMBH particle accretion rate as function of time
during the AGN activity episode in the four L2 models (top) and
L5 models (bottom). Colours and line styles as in Figure 8.
injects energy only into the surrounding gas, creating a well-
defined bubble around the SMBH.
• The virtual particle prescription allows for simultaneous
gas inflow and outflow, as well as formation of dense gas
filaments and clumps, which are not found in the thermal
feedback case.
• Replacing both prescriptions with biconical versions re-
sults in a marked improvement in their agreement. In partic-
ular, the morphologies of the two models then become very
similar, with clear outflow bubbles coexisting with inflow
along the equatorial plane.
• The conical feedback models are qualitatively similar to
the corresponding spherical virtual particle simulations, but
quantitatively very different from both spherical models: the
outflow bubbles produced by conical feedback are generally
larger, the outflow rates higher and much more of the AGN
input energy is retained by the gas.
• The fraction of AGN input energy retained in the gas
is very low in the spherically symmetric thermal feedback
simulation, even at high AGN luminosity, but increases to
∼ 20−30% in the conical high-luminosity one. In the virtual
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Figure 12. Gas outflow rate as function of time during the AGN
activity episode in the four L2 models (top) and L5 models (bot-
tom). Colours and line styles as in Figure 8.
particle models, the energy retention fraction increases to an
ever higher value of 70− 80%.
• Spherically symmetric thermal feedback either does not
allow any accretion on to the SMBH, or allows most of the
gas to fall in. It also produces only a weak outflow. Virtual
particle and conical models produce both significant inflow
and outflow at the same time.
Although the set up of our simulations is strongly ide-
alised, the results have several implications for the under-
standing of AGN activity and its effects upon the host
galaxy. We discuss those implications below.
4.2 Major issues with thermal feedback models
As mentioned in the Introduction and Model sections, the
commonly-used thermal-kinetic AGN feedback models suffer
from a number of drawbacks. The most important drawback
is the assumed spherical symmetry, i.e. energy injection into
gas close to the SMBH. If it happens that there is gas only
to one side of the SMBH, all the energy will be injected into
this gas, rather than spread around symmetrically. This cre-
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ates a paradoxical situation where assumed spherical sym-
metry results in energy injection which is often very far from
symmetric.
The problem with this energy injection in generating
outflows lies in the fact that once any parcel of gas escapes
far from the SMBH, it is no longer affected by feedback.
Therefore, as far as most gas particles in the simulation are
concerned, feedback is very intermittent, and this leads to
much weaker outflows than would be possible if feedback
acted upon a gas parcel for a prolonged period of time. A
small amount of gas does experience this prolonged feed-
back, however, it gets squashed between AGN feedback on
one side and inflowing gas on the other. Gas density there-
fore increases, cooling becomes more efficient and progres-
sively more of the feedback energy is lost to radiation rather
than used to drive the outflow. Therefore, the resulting AGN
outflow is much weaker than it would otherwise and more
energy is required to remove the gas from the host galaxy
than it would be if these multi-phase effects were treated
properly.
These issues do not necessarily impact the ability of cos-
mological simulations to reproduce the mass functions and
growth histories of present-day galaxies and SMBHs, even
though the latter requires appropriate tuning of feedback
parameters (Schaye et al. 2015; Crain et al. 2015). AGN ac-
cretion and feedback self-regulate in these simulations, so
that a less efficient AGN feedback allows more accretion
which in turn increases the outflow rate, having a negligi-
ble effect upon the long-term evolution of the total stellar
mass in the galaxy (Sijacki et al. 2007; Schaye et al. 2010,
2015). However, as such models, as well as models of iso-
lated galaxies, become more detailed, they start reproduc-
ing other, smaller-scale, processes and structures, such as
the phase structure of the gas, the spatially-resolved his-
tory of star formation, the duration of AGN episodes, and
so on. All of these, and many other, properties of the galaxy
are affected by the details of how AGN feedback interacts
with the ISM, and therefore understanding the limitations
imposed by the numerical feedback scheme is of paramount
importance when interpreting the results of these models.
Ideally, one would like to minimize the limitations of
the numerical method. Our proposed scheme of injecting
feedback energy into a cone alleviates the two biggest issues
of thermal feedback prescriptions described above. While it
does not really resolve the interaction of the AGN outflow
with the multiphase gas, it creates a possibility for the gas
to remain in two phases (cold dense inflowing and hot diffuse
outflowing) while interacting with the outflow. Dense gas is
quickly channeled to the bottom of the effective potential
well, i.e. to the regions where feedback doesn’t counteract
gravity. Once there, dense gas can form filaments which feed
the SMBH or fragment into self-gravitating clumps. Mean-
while, diffuse gas gets heated and pushed by the feedback
energy injection and forms a massive outflow which cools
slowly due to low gas density. This results in an adiabatic
outflow, consistent with the analytical predictions of the
wind feedback model.
4.3 Possible improvements to cosmological
simulations
Given that a conical thermal feedback prescription is ca-
pable of resolving a lot of the complexity of simultaneous
inflows and outflows with little extra computational cost,
we suggest that it may be interesting to explore its effects in
cosmological simulations, which self-consistently track the
growth and energy release from AGN over long timescales.
This would allow one to constrain the AGN growth scenar-
ios, the M − σ relation, the effects of AGN outflows upon
galaxies and clusters, the triggering of star formation, as
well as the history of SMBH growth, with better precision
than is currently available (Schaye et al. 2015). One partic-
ularly interesting consequence might be that the presence of
simultaneous inflows and outflows around SMBH change the
qualitative behaviour of AGN self-regulation (see Section 4.4
below).
A few important aspects have to be considered when im-
plementing this scheme into cosmological simulations. The
first is numerical resolution, which is typically much worse
in cosmological simulations than it is in the simulations pre-
sented here. In a previous paper (Bourne et al. 2015), we in-
vestigated the importance of resolution upon the efficiency
of feedback and found that low-resolution simulations pro-
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duce feedback that is much more negative. This happens
in part because those simulations are unable to resolve the
complex structures developing in the turbulent ISM. With a
conical feedback prescription, it should be easier to resolve
those structures, since the cavities and filaments are larger
(compare the right panels in Figures 2 and 4). However, we
may still expect a weaker overall effect of AGN feedback due
to the fact that the gas density contrast is not resolved as
well, leading to overcooling of the hot gas in the bubbles.
Another aspect is defining the appropriate direction of
the cone’s axis. We suggest that this axis should coincide
with the axis of rotation of the SMBH particle. Rotation
can be tracked by tracking the angular momentum mag-
nitude and direction of the infalling gas, and the plane of
the accretion disc should be perpendicular to this axis of
rotation. Since the AGN outflow originates in the disc, it
is reasonable to assume that it goes in the polar direc-
tion (Feldmeier & Shlosman 1999). The opening angle of the
wind cone is a free parameter, which might be constrained
by more detailed models, or investigated empirically. How-
ever, such an investigation is beyond the scope of this paper.
Finally, cosmological simulations contain galaxies which
have varied structures, including discs, large clumps and cav-
ities created by previous outflows. The interaction of a new
outflow with these structures may be much more complex
than in our simulations presented above. For example, one
directed conical outflow might intercept a dense clump and
lose a large fraction of its energy, while another may expand
into a pre-existing cavity, having little effect upon the mass
budget in its host galaxy. A more thorough investigation
of feedback prescriptions in a more realistic galaxy model
should be done before implementing them into a cosmolog-
ical simulation. We intend to perform such tests in a future
publication.
4.4 Self-regulation of AGN activity
Our simulations use a fixed AGN luminosity rather than
keeping it tied to the central particle accretion rate. Given
that the central accretion rates in different simulations can
differ by orders of magnitude (see Figure 11), this may seem
as a significant drawback of the numerical setup. However,
we feel that simulations addressing just the feedback aspect
of AGN activity are still very useful since the models with
feedback determined by BH accretion rate employ a num-
ber of assumptions about this rate. Given the non-linear
accretion-feedback connection, it would be hard to arrive at
definite conclusions about the feedback efficiency in these
more complex and less constrained simulations. In addition,
the actual expected evolution of the system is somewhat
more complicated than the accretion rate of the central par-
ticle would suggest. Infalling gas contains some angular mo-
mentum, and therefore forms an accretion disc around the
SMBH, rather than falling in directly. Given that in the sim-
ulations the accretion rate is measured at a radius of 10 pc,
most of this accreting gas will take far longer than 1 Myr
to reach the SMBH, by which time the activity episode in
our test run is over. Additionally, some of this gas will frag-
ment and form a nuclear star cluster rather than feeding
the SMBH (Nayakshin 2006), further reducing the impact
upon the AGN luminosity. Therefore, our simulations may
be seen as an investigation of how a large-scale gas distri-
bution is affected by AGN activity caused by accreting a
cloud of predetermined mass, from Maccr = 2.2 × 10
6M⊙
(L1 simulations) to Maccr = 1.1× 10
7M⊙ (L5 simulations).
In a more realistic simulation, long-term self-regulation
of AGN activity becomes important. Here, the temporal
evolution of simulations using the thermal-kinetic and vir-
tual particle feedback prescriptions might be very differ-
ent from one another. When the AGN luminosity increases,
simulations using the spherically-symmetric thermal-kinetic
AGN feedback prescription abruptly change from a situation
where no outflow is occurring to one where the outflow com-
pletely shuts off AGN accretion. This latter situation may
reverse after some time, as the material piles up at the edge
of the outflow bubble, and its weight may overcome the force
produced by AGN feedback, leading to collapse and resum-
ing of accretion. However, while the bubble holds, there is
no accretion. Conversely, while there is accretion, no outflow
bubble can exist. This “all-or-nothing” situation places tight
constraints on the regulation of AGN accretion rate. When
the AGN is fed at a large enough rate, an outflow forms and
shuts off accretion. As the accretion rate drops to zero (with
perhaps some delay imposed in the simulation to mimic the
draining of the sub-resolution accretion disc), AGN lumi-
nosity also decreases and feedback stops, allowing accretion
to resume. We may therefore expect AGN activity to keep
switching on and off, with the duration of the “on” phase
comparable to the viscous timescale of the accretion disc
(ton ∼ 10
5 − 106 yr) and the “off” phase lasting for as long
as it takes for gas to fall back to the SMBH (toff > 10
6 yr).
These timescales are comparable to some estimates of the
lifetimes of AGN phase (Schawinski et al. 2015), but this is
only coincidental, since the processes described here happen
due to numerical, rather than physical, reasons.
The virtual particle prescription, as well as both coni-
cal prescriptions explored in this paper, allow simultaneous
inflow and outflow to coexist. At some point, the larger gas
reservoir gets depleted and accretion switches off, leading to
a longer period of inactivity than in the case of spherical
thermal feedback. This simulation therefore does not mani-
fest an artificial short-timescale “flickering” and can be used
to investigate the physical reasons of the switching on and
off of AGN activity.
On the other hand, some integrated parameters, such
as the total mass accreted by the SMBH or expelled from
the galaxy, may not differ very much between thermal-
kinetic and virtual particle feedback simulations. The rea-
son for this is simply that on long timescales SMBH ac-
cretion tends to self-regulate so that the total energy re-
lease into the surrounding medium is just enough to bal-
ance gravity (Booth & Schaye 2009). A thermal-kinetic feed-
back prescription would lead to faster accretion followed by
a stronger burst of AGN activity, which leads to a larger
feedback bubble and shutting off of accretion for a longer
time. The virtual particle prescription would result in a more
uniform accretion and outflow rate, with neither undergo-
ing such strong changes as in the thermal-kinetic feedback
model. As a result, eventually the results of the two sim-
ulations might look more similar to each other than might
seem from our simulation results. Still, on short timescales,
the morphology and temporal variability of inflow and out-
flow rates would differ significantly among the simulations.
The possibility of having prolonged periods of AGN ac-
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tivity coincident with SMBH growth via accretion also has
an implication for the growth of the very first SMBHs. These
black holes are known to have masses exceeding 109M⊙ by
z = 6, when the Universe was < 109 yr old (e.g. Wu et al.
2015). If these SMBHs grew from stellar-mass progenitors,
their growth rate must have been close to the Eddington
limit for most of their lives (King & Pringle 2006). The pos-
sibility of having rapid gas inflows during the AGN phase
suggests that this might be easier than previously thought
and eliminates one of the potential drawbacks of this growth
mechanism in explaining the large observed masses. We
note, however, that it is possible to grow black holes to the
required masses at high-z even with the typical thermal-
kinetic AGN feedback prescription (Di Matteo et al. 2012),
at least for seed SMBH masses of 105M⊙. Therefore a change
in our understanding of accretion and feedback is not nec-
essary to explain the high-z quasars.
4.5 Implications for positive AGN feedback
Thermal feedback simulations, both spherically symmetric
and conical, eliminate some of the structure present in tur-
bulent gas. Meanwhile, virtual particle simulations, and to
some extent the conical thermal feedback simulations, en-
hance some of the structures, by enveloping dense gas in hot
diffuse bubbles and compressing it more than self-gravity
alone would. This leads to formation of more clumps and
more efficient star formation within them (Zubovas et al.
2014), resulting in a higher rate of fragmentation and star
formation. In other words, AGN activity has a positive feed-
back upon star formation in the host galaxy.
This effect has been explored in previous numerical
works. Nayakshin et al. (2012) showed that the outflowing
material can fragment as it cools down, leading to poten-
tially rapid star formation and stars ejected from host galax-
ies. Gaibler et al. (2012) explored the interaction of an AGN
jet with a clumpy ISM and found that the jet compresses
dense gas, prevents adiabatic re-expansion of the clumps,
and enhances the SFR of the whole galaxy. There is also
tentative observational support that galaxies with more lu-
minous AGN have higher star formation rates and efficien-
cies (e.g., Wei et al. 2010; Wang et al. 2010), although the
causal connection is not certain.
We chose not to consider in detail the fragmentation
of gas in our simulations, as that is not the main point of
the present study. Nevertheless, we find qualitatively simi-
lar effects, but, importantly, they are much more significant
in the virtual particle feedback models, where the multi-
phase ISM is affected by feedback based on its density. In
a more realistic simulation, the effects of AGN outflow, and
of the numerical prescription used to track its interaction
with the ISM, might significantly affect the fragmentation
rate and spatial locations in the galaxy. We suggest that us-
ing a more detailed AGN feedback prescription, such as the
conical thermal feedback one, would allow investigating this
positive feedback in a far more realistic way.
4.6 How realistic is the virtual particle
simulation?
One implicit assumption we made so far when analysing the
results is that the virtual particle feedback prescription is
a good representation of reality. The method certainly has
several advantages over the thermal feedback model. It is
truly isotropic, i.e. feedback energy is emitted in all direc-
tions from the AGN and interacts with the ISM in all direc-
tions independently of the shape of the cavity surrounding
the AGN. In addition, the model, by construction, accounts
for the different optical depths of gas in different directions,
leading to situations where a dense clump can shield the gas
behind itself from being blown away.
On the other hand, the model suffers from some short-
comings as well. The interaction cross-section between vir-
tual particles and SPH particles is a free parameter of the
model. This means that the depth to which virtual parti-
cles penetrate the gas can vary significantly between sim-
ulations. As a result, dense gas clumps can sometimes be
obliterated unphysically rapidly. Conversely, in other cases,
gas might be compressed too strongly where a gentler push
would be more realistic and represent the many filaments
forming along the contact discontinuity between the AGN
wind and the shocked ISM.
Another drawback is that the virtual particles are as-
sumed to always propagate radially out from the AGN. This
is unrealistic in cases of uneven density, where a steep den-
sity gradient may be present in a direction not parallel to
the direction of propagation of the virtual particle. In this
case, a realistic interaction would have the virtual particle
flying off at an angle to its initial direction, something which
the present model does not allow. This drawback may have
many subtle effects in how the gas morphology is affected
by AGN activity.
Given these drawbacks, we stress that the results of
the virtual particle simulations should not be considered as
perfect representations of reality. However, given that they
reproduce a far more complex morphology of the turbulent
ISM and properties of outflows in agreement with observa-
tions, we believe that their results represent real galaxies
better than those of the spherical thermal feedback models.
5 CONCLUSION
In this paper, we presented a number of simulations of AGN
feedback affecting a turbulent gas sphere. The simulations
are designed to show the impact of different subgrid recipes
of AGN feedback upon the evolution of the whole system.
We show that the commonly-used spherically-symmetric
thermal AGN feedback prescription is unable to reproduce
the variety of complex structures observed in more detailed
models, fails to reproduce the observed rapid massive out-
flows and in general has a much weaker effect on the host
galaxy than predicted by analytical calculations of feedback
models.
On the other hand, a relatively simple improvement to
the prescription - injecting energy into a cone rather than
a sphere - alleviates most of these issues. The outflows be-
come rapid, massive and close to adiabatic, dense structures
and inflowing filaments coexist with outflowing gas, and gas
fragmentation rates are significantly increased. In particular,
even extremely bright AGN are unable to shut off gas ac-
cretion completely, allowing the SMBH to continue growing.
We suggest that this improvement could be used in cosmo-
c© 0000 RAS, MNRAS 000, 000–000
16 Kastytis Zubovas, Martin A. Bourne, Sergei Nayakshin
logical simulations in order to better model the effects that
AGN have on their host galaxies and clusters.
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